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Abstract
The objective of this study was to investigate the differences in survival of L.
monocytogenes EGD (Bug600) (serotype 1/2a) in various disinfectants and essential oils
after sublethal heat stress at 48°C for 60 min. The survival of heat stressed L.
monocytogenes cells was decreased in lethal acid (HCl or H3PO4 pH 2.5), lethal oxidative
stress (H2O2 1000 ppm) and lethal quaternary ammonium compounds (QAC 2.5-3.5 ppm)
compared to non-stressed control cells. By contrast, the survival of heat stressed L.
monocytogenes cells was higher in lethal alkali (NaOH or KOH pH 12) than the control
cells. Also, the survival of heat stressed L. monocytogenes cells was higher in lethal
carvacrol (428 ppm) and bay oil (1100 ppm) but was decreased in lethal red thyme oil (300
pm) compared to control. These findings indicate that the heat stressed cells of L.
monocytogenes are not easily killed by alkali-based disinfectants and essential oils
containing carvacrol or bay oil. Therefore, disinfectants and essential oil treatments should
be carefully considered when heat stressed cells of L. monocytogenes may be present.
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CHAPTER I
LITERATURE REVIEW
I. 1. Introduction to Listeria monocytogenes
Listeria monocytogenes is a gram-positive, non-capsulated, non-spore forming,
catalase positive and oxidase negative facultative anaerobic organism that can grow
between 1 to 37°C. It produces zones of clearance on blood agar due to the presence of β
hemolysin (Gray and Killinger, 1966, Farber and Peterkin, 1991a). The genus Listeria
consist of three hemolytic species including L. monocytogenes, L. ivanovii, and L. seeligeri
and three non-hemolytic species including L. innocua and L. welshimeri and L. grayi
(Sauders et al., 2012). Two major phylogenetic divisions exist within L. monocytogenes.
Division I consists of serotypes 1/2b, 3b, 4b, 4d, and 4e, and Division II consists of
serotypes 1/2a, 1/2c, 3a, and 3c. The serotype designation is associated with virulence
potential and generally serotype 1/2a is isolated from food products and serotype 4b is
isolated from most human epidemics (Lyautey et al., 2007, Borucki et al., 2003).
L. monocytogenes causes a disease known as listeriosis affecting premature birth or
miscarriage in pregnant women and meningitis and septicemia in adults with impaired
immune system. Despite adequate antibiotic treatments, listeriosis has an average casefatality rate of 20-30% (Ramaswamy et al., 2007a). Susceptible populations include
newborn children, the elderly, and immunocompromised persons. In different countries,
the incidence of listeriosis varies between 0.1 and 11.3 per 1,000,000 of human population
(Swaminathan and Gerner-Smidt, 2007). Listeriosis outbreaks are an outcome of a number
of contaminated foods, such as raw vegetables, dairy products, meat, and seafood products
(Lyytikäinen et al., 2000). Five cases of listeriosis were detected in pregnant women in the
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Swindon area of the UK in autumn of 2003. This outbreak was thought to spread from
consuming prepacked sandwiches available in a retail outlet in a hospital (Dawson et al.,
2006). Among the dairy products, soft cheeses are of high-risk foods for epidemic and
sporadic listeriosis. Butter can also act as an unusual vehicle for listeriosis. In Finland in a
tertiary care hospital, from June 1998 to April 1999, 20 cases were identified with sepsis,
4 with meningitis, and 1 with abscess out of which 6 patients died. All isolates were
identical and the outbreak was caused by L. monocytogenes serotype 3a found in packaged
butter served at the tertiary care hospital and at the source dairy (Lyytikainen et al., 2000).
L. monocytogenes is a saprophytic organism that is naturally found in the plant-soil
environment, where it can multiply in decaying vegetation but unlikely to multiply in soil.
A possible route of human exposure is by ingesting cooked or ready-to-eat foods that are
contaminated with L. monocytogenes. L. monocytogenes can be carried asymptomatically
by livestock and be exposed to humans through human-livestock interactions. After being
ingested, L. monocytogenes induces its entry into a non-professional phagocyte. Here,
bacteria are internalized in a vacuole and the membrane of the vacuole is disrupted by the
secretion of two phospholipases, PlcA and PlcB and the pore-forming toxin listeriolysin
O. L. monocytogenes cells escape into the cytoplasm and multiply and start actin
polymerization, as observed by the presence of the characteristic actin tails. Actin
polymerization helps bacteria to pass into neighboring cells by forming protrusions in the
plasma membrane (Hamon et al., 2006a).
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Tompkin proposed a six step approach to control L. monocytogenees and prevent
contamination of ready-to-eat (RTE) foods in the food processing environments (1)
Prevention of the growth of L. monocytogenes that can lead to contamination of RTE foods;
(2) Sampling to check the efficacy of the control program; (3) Rapid and effective response
to sampling; (4) Identification and correction of the source of contamination; (5) Short term
sampling assesment; and (6) Long term sampling assesment (Swaminathan and GernerSmidt, 2007).
I. 2. Stress adaptation in L. monocytogenes
L. monocytogenes encounters a series of stresses during food processing. For
example, during dairy processing, L. monocytogenes cells present in the raw milk are
exposed to heat, and acid produced by starter cultures, and hydrogen peroxide and salt.
These stresses act as hurdles for foodborne bacterial pathogens. However, highly regulated
adaptive responses may be triggered within the bacterial cells from the offending stress
that may counteract the effectiveness of the hurdles.
Stress can be defined as any lethal physical, chemical or biological factors that
affects the growth and survival of microorganisms. Under lethal stress, microorganisms
can exhibit complete inactivation of growth (Donnelly, 2002). However, research shows
that, exposing them to a sublethal level of stress induces adaptation against lethal stress
and enhances their resistance against either the same or different environmental stresses
(Lou and Yousef, 1997c, Hill et al., 2002a). For example, when L. monocytogenes was
exposed to a stepwise increase in mild acid conditions, it showed increased resistance to a
lethal acid concentration of pH 3.5 which was termed as acid tolerance response (ATR)
(Gahan et al., 1996a). Also, when L. monocytogenes cells were subjected to sublethal levels
11

of acid, ethanol, H2O2, NaCl and heat stresses, it exhibited increase in the resistance to
lethal level of 0.1% H2O2 which was termed as heterologous adaptive response (Lou and
Yousef, 1997c). Adaptation and resistance of L. monocytogenes to commonly used
disinfectants, such as quaternary ammonium compounds can lead to persistence of this
bacterium in the food processing environment despite regular disinfection and cleaning
process. Adaptive responses to the same disinfectant or cross adaptation to other
disinfectants can develop when L. monocytogenes cells are exposed to

sublethal

concentrations of quaternary ammonium compounds. Rotation of disinfectants within the
food processing facility can be a probable solution to this problem (Lundén et al., 2003).
Similar problems may arise when L. monocytogenes is exposed to sublethal concentrations
of alkaline disinfectants which may lead to morphological changes such as cell elongation
within the bacterium. Cell elongation or filamentation in L. monocytogenes has been
observed when cells are exposed to higher NaCl concentrations, acidic conditions,
increased CO2 environments, osmotic stress, temperature stress and antibiotic stress. These
elongated cells slowly return to their original form after removal of the stresses in 24 h,
indicating that filamentation can be a part of the adaptive response (Giotis et al., 2007a).
I. 3. Acid stress adaptation in L. monocytogenes
One of the most studied stress responses in L. monocytogenes is the acid-tolerance
response (ATR). Upon ATR L. monocytogenes cells exhibit much higher resistance to
lethal acid inactivation treatment (pH 3.5) after being pre-exposed to sublethal acidic pH
(pH 5.0-5.5) for 1 h (O'Driscoll et al., 1996, Davis et al., 1996). Several genetic
mechanisms have been postulated to address the influence of stress adaptability in L.
monocytogenes. In a study with the use of sigB mutant, L. monocytogenes log phase cells
12

were shown to exhibit 10,000-fold lower survival as compared to the wild type at pH 2.5.
Also, the mutant strain had no acid tolerance response. The glutamate decarboxylase
(GAD) acid resistance system enables L. monocytogenes to survive in acidic conditions. It
was found that the expression of the gadCB operon and expression of gadD are σB
dependent (Wemekamp-Kamphuis et al., 2004). Acid adaptation at mild acidic conditions
induced the synthesis of 37 proteins and led to changes in the fatty acid composition of the
bacterial membrane in L. monocytogenes (Saklani-Jusforgues et al., 2000). Environmental
stress such as low pH can itself regulate the virulence potential of the adapted cells. For
example the PhoP/Q system in S. typhimurium has an influence on the virulence potential
of the organism. However, this system was found to be regulated by low pH conditions and
was responsible for development of acid tolerance (Gahan and Hill, 1999).
Acid adapted L. monocytogenes also survives better in acidic fruit juices or during
milk fermentation (Gahan et al., 1996a). ATR of L. monocytogenes provides crossprotection against other lethal physiological stresses or antimicrobial treatments such as
heat, salt, bile salts, ethanol, oxidative stress, crystal violet, irradiation and bacteriocins
(O'Driscoll et al., 1996, McKinney et al., 2009, Lou and Yousef, 1997a, van Schaik et al.,
1999). Lin et al. (2011) and Moorman et al. (2005) observed that acid adaptation enhanced
the resistance of L. monocytogenes and L. innocua to quaternary ammonium compounds
(Lin et al., 2012a, Moorman et al., 2005a). ATR is exhibited in many other bacteria that
acquire increased resistance to a lethal acidic pH when pre-exposed to mild acid conditions
(Gahan et al., 1996b). Adaptation to acidic conditions can improve the survival of other
foodborne bacterial pathogens in foods that are preserved by low pH and acids. During
sausage fermentation E. coli O157:H7 showed enhanced survival in dry salami and apple
13

cider as compared to the control cells (Berry and Cutter, 2000). When Salmonella Typhi
and Salmonella Typhimurium were subjected to acid shock with hydrochloric, citric, or
lactic acid, it was observed that the acid shock enabled Salmonella to survive in lethal low
pH conditions by these organic acids (Arvizu-Medrano and Escartin, 2005). Foodborne
bacterial pathogens are unable to grow in fruit juices due to their low pH. However, they
can survive in the lethal acidic environments if they become adapted (Mazzotta, 2001).
Acid adaptation of L. monocytogenes strain LO28 and S. typhimurium confer cross
protection to heat, cold, salt and surface active agents (Ravishankar and Harrison, 1999).
I. 4. Alkali stress adaptation in L. monocytogenes
L. monocytogenes has the capacity to grow under a wide range of pH from 4.1 to
9.0. This enables the bacterium to survive under unfavorable pH conditions, temperature
and salt concentration during food processing and disinfection. Adverse pH conditions are
often found in the gastrointestinal tract of humans and in the food processing environment
which may trigger alkali adaptation within the pathogen (Giotis et al., 2008). When L.
monocytogenes exhibits alkali tolerance response when exposed for 1 h to mild alkali stress
(pH 9.5) which protected the bacterial cells from lethal alkali stress (pH 12.0) showing ~3
log CFU/ml higher survival (Shen et al., 2016a). Alkaline pH can cause damage to the
outer membrane, ribosomes, proteins and DNA in E. coli. A higher alkaline pH can disturb
the ion gradient across the membrane and lead to saponification of lipids, destabilizing the
proteins and leading to inhibition of growth (Vasseur et al., 1999a). Alkali tolerance
response helps the organism to overcome pH-related human defense mechanisms such as
alkaline pancreatic secretions and pH changes in phagolysosomes (Giotis et al., 2007b).
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Alkali adapted L. monocytogenes when present in food stored at lower temperature
may increase the risk of illness (Taormina and Beuchat, 2001b). Alkali stress adaptation
can be of major concern because of the exposure of L. monocytogenes to alkaline cleaning
and sanitizing agents used within the food industry. Moreover, it was observed that short
term exposure (5 min) to mild alkaline pH was sufficient to trigger significant alkali stress
adaptation within the bacterium. However, alkaline stress and acid stress responses were
not triggered at a temperature lower than 4˚C. Therefore, lower temperatures may be used
to control pH related stress responses within L. monocytogenes. ( Shen et al., 2014c; Shen
et al., 2016b). Cross protection of L. monocytogenes alkali stress response was also
observed by Abeysundara et al. (2016), where sublethal alkali by NaOH (pH 8-10) for 30
min conferred increased survival of L. monocytogenes compared to the non-exposed cells
after exposed to a lethal dose of H2O2 at 1000 ppm.
Alkaline pH greater than 10 has been shown to kill bacteria including Yersinia
enterocolitica, Staphylococcus aureus, E. coli and L. monocytogenes in synthetic egg wash
water. L. monocytogenes was more resistant than S. enteritidis and E. coli after exposure
to pH 12. S. enteritidis and E. coli showed 8 log reduction in less than 15 seconds whereas
L. monocytogenes exhibited 1 log reduction after 15 mins of exposure to pH 12. Therefore,
the Gram-negative bacteria were more sensitive to higher pH than the Gram-positive
bacteria. This could be due to the thin peptidoglycan layer in Gram-negative bacteria which
is less capable of preventing damage to the cytoplasmic membrane. However, in Grampositive bacteria, a thick peptidoglycan layer helps prevent the membrane from disrupting
at a lethally high pH. S. enteritidis and E. coli cells collapsed and wrinkled with disrupted
cytoplasmic membrane and discharged intracellular contents, whereas L. monocytogenes
15

cells were not lysed and retained their shape at pH 12. The killing effect increased with
elevated pH and temperature, with all these three organisms at 45˚C at pH 10 in 15 min
(Mendonca et al., 1994).
In another study, alkali stress adaptation of L. monocytogenes was shown to be
involved the activation of sigB which conferred cross-resistance to lethal alkaline stress
and osmotic stress (Giotis et al., 2008). Characteristic rod-shaped morphology was
observed in L. monocytogenes 10403S control cells; however, cell elongation was observed
at alkaline pH and filamentation was observed at highly alkaline pH. Rapid reversal to
normal cells was induced within 3 h after removal of alkaline stress (Giotis et al., 2007a).
L. monocytogenes has the ability to modulate the branched chain fatty acids in its
membrane to maintain membrane fluidity and transport after being exposed to unfavorable
growth conditions (Giotis et al., 2007c). Such changes in L. monocytogenes cell
morphology may take place within a food industry when the bacterium gets exposed to
alkaline detergents or sanitizers that are often used to clean the floor, conveyor belts, and
drains etc. (Giotis et al., 2007a).
I. 5. Oxidative stress adaptation in L. monocytogenes
Molecular oxygen is used by aerobic organisms for respiration and to obtain energy
from oxidation of nutrients. Superoxide anion radical (O2 –), hydrogen peroxide (H2O2),
and the highly reactive hydroxyl radicals (·OH) are reactive by products of oxygen that
target DNA, RNA, proteins and lipids. Lipids are targeted by the free radicals causing lipid
peroxidation which leads to membrane fluidity and disruption of membrane bound
proteins. This triggers formation of more radicals and degradation of polyunsaturated fatty
acids. Protective mechanisms like production of enzymes such as catalase and superoxide
16

dismutase, or small proteins like thioredoxin and glutaredoxin, and molecules such as
glutathione, have to be built against oxidative stress in order to prevent the damage caused
by it (Cabiscol et al., 2000). The exposure of bacteria to reactive oxygen species leads to a
cascade of reactions and may eventually result in cell death. Free radicals consist of one or
more electrons with unpaired spin and they react instantly with biomolecules that they will
encounter. Thus, a chain reaction is triggered which enables the reactive oxygen species to
attack a stable molecule, causing the stable molecule to lose its electron and become a free
radical itself. This cascade oxidizes the DNA, RNA, lipids, proteins and carbohydrates
causing disruption of the cell.
Further, results of transcriptomic analysis of L. monocytogenes showed that cells
when subjected to sublethal alkali stress for 15 min activated certain genes related to
multiple metabolic pathways such as Na+/H+ antiporters, ATP-binding cassette
transporters of functional compatible solute, motility and virulence related genes and σB
associated genes. AlTR of L. monocytogenes was also previously demonstrated by several
researchers. Gene expression is triggered within bacteria which helps them adapt to lethal
doses of oxidants such as H2O2 after being pre-exposed to low doses of the chemical (Storz
et al., 1990). E. coli responds to oxidative stress by producing two transcriptional
regulators, OxyR and SoxRS. The SoxRS contains genes that express major outer
membrane proteins and the OxyR encodes the HPI catalase, glutaredoxin, glutathione
reductase, NADPH-dependent alkyl hydroperoxide reductase, and a protective DNAbinding protein (Dps). These responses help E.coli to resist oxidative stress (Taormina and
Beuchat, 2001b). Enteric bacteria employ several enzyme systems like superoxide
dismutase, catalase, Exonuclease III and RecA protein to protect the cell from the damage
17

caused by oxidative stress. S. typhimurium when pre-exposed to 60 µM H2O2 for 1 hour
exhibited resistance to killing by 10mM H2O2. It also exhibited cross-resistance to heat, Nethylmaleimide, 1-chloro-2,4-dinitrobenzene and menadione, after sublethal H2O2
exposure (Christman et al., 1985).
I. 6. Heat stress adaptation in L. monocytogenes
Heat is the most widely used method for ensuring food safety (Shen et al., 2014b).
Temperatures above optimum growth temperatures can lead to loss of viability in bacteria.
However, a shift to a temperature slightly higher than the normal growth range can lead to
thermotolerance within bacteria (Bunning et al., 1992). L. monocytogenes exhibited a 2.4fold increase in D64 value when cells were heat treated at 48°C for 120 min before a lethal
heat treatment at 62-64°C. The thermotolerance lasted for 24 h after the cells were exposed
to 4°C (Sergelidis and Abrahim, 2009). L. monocytogenes exhibited heat tolerance when
subjected to a sublethal heat treatment at 48°C for 30 or 60 min with a 5 log CFU/ml
increase in survival when exposed to a lethal 60°C for 10 min. Heat tolerance response was
reversed after 2 h at room temperature whereas, it remained constant for up to 24 h at 4°C.
The log phase cells are more susceptible to heat stress as compared to stationary phase cells
(Linton et al., 1990). Heat resistance of microorganisms is affected by the water activity,
presence of lipids, proteins, carbohydrates and salts in the food. The heat tolerance
response was exhibited at cooling temperatures and this should be taken into consideration
while evaluating the risks associated with L. monocytogenes. A high diversity of heat
tolerant groups as low, medium and high heat strains of L. monocytogenes were classified
in the same study (Shen et al., 2014b).
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Heat shock proteins are synthesized in response to the heat treatment which allows
the cells to survive when exposed to a wide variety of lethal stresses. Increased thermal
tolerance is partially contributed by the activation of conserved heat shock proteins (Hsps)
(e.g., DnaK and GroEL) under sublethal heat temperatures (Ferreira et al., 2001b). Similar
results have been observed for other Gram-positive bacteria (Gahan et al., 2001). The heat
stress induced genes that encode molecular chaperones or proteases that prevent the
misfolding of proteins within the cell (van der Veen et al., 2007). Heat shock proteins are
classified based on their size and sequence similarity into six families; the small heat shock
proteins, HSP40, HSP60, HSP70 and HSP100 families (Sergelidis and Abrahim, 2009,
Pagan et al., 1997). Heat shock proteins like DnaK, DnaJ, GroES, and GroEL are produced
by bacteria as a result of exposure to environmental stress conditions. GroES, and GroEL
maintain protein folding and integrity. 2D-gel electrophoresis studies have revealed the
production of GroEL heat shock protein in L. monocytogenes after exposure to heat stress.
In addition, transcriptional induction of groEL operon was observed in L. monocytogenes
cells when subjected to a heat shock from 37 to 45°C. These cells exhibited heat resistance
when subjected to an increase in temperature (Pagan et al., 1997). Short periods of heating
or slow heating at temperatures above the optimum levels can trigger thermotolerance
which enables the cells to protect its proteins from damage and aggregation. This
thermotolerance response consists of production of heat shock proteins which help in
stabilizing denatured proteins during the heating process (Sergelidis and Abrahim, 2009,
Pagan et al., 1997). Heat shock proteins are synthesized by bacteria when they are exposed
to sublethal temperatures which confer resistance to a subsequent lethal heat treatment
(Farber and Peterkin, 1991b).
19

L. monocytogenes may encounter sublethal heat stress that activates its intracellular
stress responses and become persistent in the subsequent lethal inactivation by the
disinfectants. L. monocytogenes cells heat shocked at 45°C for 1 h had increased tolerance
to 25% NaCl, 18% ethanol and 0.01% crystal violet (Lin and Chou, 2004a). Another study
showed heat shocked L. monocytogenes at 48°C for 10 min survived better than the nonadapted cells when exposed to 0.128 ppm of chlorine dioxide and 1.384 ppm of QACs (Lin
et al., 2012a). In addition, L. monocytogenes when subjected to 45°C for 60 min showed
an increase in resistance to ethanol and osmotic stress (Lin et al., 2012b).
I. 7. Stress adaptation and resistance to disinfectants in L. monocytogenes
Quaternary ammonium compounds (QACs) are cationic detergents, which reduce
surface tension and form micelles that help dispersion in a liquid. The central nitrogen acts
as the cation attached with four groups. QAC classification depends on the R groups
attached, which include the aromatic groups, nitrogen atoms and carbon chains. Anionic
determinants like chlorine and bromine can be attached to QAC to form QAC salts. These
variations can affect the antimicrobial activity of QAC. QACs are hydrophobic in nature.
They can affect the cytoplasmic membrane of bacteria and can bind to intracellular targets
like the DNA. Depending upon the type of formulation and the nature of the organism,
QACs are bacteriostatic at low concentrations (0.5 to 5 mg/liter) and bactericidal at
concentrations of 10 to 50 mg/liter. It is important that proper dosage of QAC must be
ensured by considering the method of application. The effective dose may be compromised
by using cotton mops and cleaning towels. QACs act by adsorbing and penetrating the cell
wall, reacting and disorganizing the cytoplasmic membrane, causing leakage of the cell
contents, followed by breaking down of proteins and nucleic acids and finally causing cell
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wall lysis due to autolytic enzymes (Gerba, 2015). QACs are positively charged and tend
to adsorb negatively charged soil, sediments and sludge. Therefore, they are widely used
in industries for cleaning, waste water treatment, disinfection, pharmaceutical products and
antifungal treatments. Commonly used QACs are benzylalkonium chloride, alkyldimethylbenzyl-ammonium

chloride

(ADBAC),

stearalkonium

chloride,

isothiazolium-

benzalkonium chloride, cetrimonium chloride/bromide (cetrimide), cetylpyridinium
chloride, alkyl aminoalkyl glycines and didecyldimethylammonium chloride (DDAC)
(Buffet-Bataillon et al., 2012). Benzalkonium chloride (BC) disrupts the cell membrane
lipid bilayers and cause leakage of the cell contents. However, below a critical minimum
concentration, this activity is slow or absent. Therefore, it is necessary to maintain the
threshold concentrations of QACs during the time of application. The concentration of 100400 ppm of QAC is used in the industry for disinfection of machinery.
In a study conducted by Lemaitre et al. (1998), 14 Listeria strains isolated from
different varieties of foods, environments of cheese dairies, humans, and wild birds were
shown to be resistant to benzalkonium chloride, hexarnidine diisethionate, and ethidium
bromide. This multiple resistance was detected in about 47 % of Listeria strains on poultry
carcasses, 10 % on red meats and 5.4 % on cheeses. Another study carried out by Méchin
et al. (1999) demonstrated that Pseudomonas aeruginosa adapted gradually to increasing
concentrations of benzyl dimethyl tetra decyl ammonium chloride from 14 mg/L to 66
mg/L and dodecyl dimethyl ammonium bromide from 5 mg/L to 49 mg/L. Langsrud and
Sundheim (1997) observed that 30% of the Pseudomonas isolates obtained from poultry
carcasses were able to grow in 200 µg/ml benzalkonium chloride. Staphylococci isolated
from a Norwegian food industry that were considered to be resistant had MIC values
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between 4 and 11 mg/L BC. L. monocytogenes exhibited a 3-fold increase in MIC after a
2 h sublethal exposure to QACs and tertiary alkylamine. Therefore, adaptive responses
may be triggered with a short term exposure to sublethal concentrations of disinfectants
causing cellular changes within the bacterium (Lundén et al., 2003). E. coli O157:H7
adapted BC also exhibited cross-resistance to antibiotics and phenolic compounds
(Braoudaki and Hilton, 2004). The exposure of ten E. coli strains to gradually increasing
concentrations of three different QACs, (1) BC, (2) dimethyl didecyl ammonium chloride
(DDAC), and (3) dimethyl dioctyl ammonium chloride (OCDAC), caused decreased
susceptibility to the QACs and antibiotics and cross-resistance to phenolic compounds
(Soumet et al., 2012).
I. 8. Stress adaptation and resistance against essential oils in L. monocytogenes
Essential oils are secondary metabolites produced by aromatic plants. The essential
oils consist of terpenoids, monoterpenes, sesquiterpenes and diterpenes. They can be
extracted from buds, flowers, leave, seeds, twigs, stems, flowers, fruits, roots, wood or bark
of the plants found in temperate regions. They have anti-inflammatory, analgesic, sedative,
local anaesthetic and antibacterial properties (Nazzaro et al., 2013). Essential oils are
termed as “essential” because they are the essence of the plant part. They are volatile in
nature and are produced by steam distillation, unlike other plant extracts which employ the
use of solvents. They lack the lipid content and therefore cannot be regarded as true oils.
However, they consist of complex volatile compounds namely terpenes and aromatic
compounds (Yap et al., 2014).
Essential oils consist of phenolic compounds that cause depletion of proton motive
force and leakage of cell contents (Desai et al., 2012). They are regarded as a safe
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alternative to chemical preservatives in foods due to their ability to interfere with cell
membrane permeability, ATP production and antibacterial activity on agar. A study
conducted to determine the effectiveness of oregano and thyme essential oils against L.
monocytogenes showed that the concentration of 0.1% lead to a 5 log CFU/ml decrease in
cell density for oregano essential oil and 4 log CFU/ml reduction in cell density for thyme
essential oil. Cinnamon essential oil caused a decrease of 1 log CFU/ml in L.
monocytogenes cells (Paparella et al., 2008). Disk diffusion assays using thyme oil against
L. monocytogenes showed a zone of inhibition of 70-80 nm indicating high sensitivity.
Serotype 1/2a (strain EGD), 1/2c, 4ab, 4e, and 7 showed a zone of inhibition of 80 mm and
moderate zones of inhibition for other strains were observed against oregano oil. Serotype
1/2a, 1/2c and 3c showed 80 mm zones of inhibition against carvacrol. Altogether, L.
monocytogenes was found to be highly prone to thyme, oregano and carvacrol essential
oils (Desai et al., 2012).
Essential oils can be used in combination therapy along with antibiotics to reduce
its harmful effects and may provide new dimension to the study of antibiotic resistance.
The of oregano essential oil together with fluroquinolones, doxycycline, lincomycin,
maquindox and flofenicol against ESBL-producing E. coli have been reported. Efflux
pumps are one of the major defense mechanisms used by bacteria to pump out a range of
compounds like antibiotics. However, essential oils that are able to inhibit the multidrug
efflux pumps of some bacteria have been studied. Essential oils consist of polyphenols and
terpenoids which have a strong affinity to proteins found in the bacterial cell. Thus, they
can act against the reduced membrane permeability of bacteria, which is responsible to
confer resistance to β-lactam antibiotics in Gram negative bacteria. When exposed to
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oregano and cinnamon essential oils, only Serratia marcescens, Morganella morganii, and
Proteus mirabilis exhibited increased resistance out of the 48 isolates tested. Treatment
with cinnamon oil showed no increase in resistance. Various cellular targets need to be
adapted to combat the effect of essential oils on bacterial cells (Yap et al., 2014).
The exposure of Staphylococcus aureus to sublethal concentrations (1/2 and 1/4
MIC) of essential oils oregano and carvacrol in meat broth did not cross-protect towards
lethal lactic acid or NaCl (da Silva Luz et al., 2012). The same research group also
evaluated the induction of direct protection against oregano and carvacrol oils and for cross
protection against above lethal stresses in L. monocytogenes when exposed to sublethal
level of oregano and carvacrol oils. The sublethal level of oregano and carvacrol oils did
not aid L. monocytogenes to resist upon their exposure to lethal levels of these essential oil.
The survival of L. monocytogenes in meat broth was decreased at 1/2 MIC and 1/4 MIC of
these essential oils after 120 min. In addition, overnight exposure of L. monocytogenes to
sublethal amounts of oregano and carvacrol essential oils failed to induce cross-protection
against a lethal level of temperature at 45 °C, lactic acid at pH 5.2 and NaCl at 10 g/100
mL (Da Luz et al., 2013). One study demonstrated that L. monocytogenes heat shocked at
45°C for 1 h showed increased resistance to 200 ppm carvacrol (Ait‐Ouazzou et al., 2013b).
I. 9. Summary
L. monocytogenes contamination of ready-to-eat foods and its persistence in the
food processing environment is a major cause of human listeriosis outbreaks. This
pathogen is found in ready-to-eat foods and can persist in low or high pH, high salt
concentration or at refrigeration temperatures (Ferreira et al., 2014). L. monocytogenes is
exposed to a wide range of stresses in the food processing environments. These stresses
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can trigger resistance determinants that positively impact the antimicrobial susceptibility
of the bacterial cells (Poole, 2012). Stresses act as hurdles for foodborne pathogens and
ensure food safety. However, a mild stress may lead to stress hardening and confer
increased resistance to a lethal stress that compromises the effectiveness of the food
preservation technique used (Lou and Yousef, 1997c). Several studies have shown that
stresses like acid stress, alkali stress, heat stress, oxidative stress can give rise to stress
adaptation in L. monocytogenes and in other foodborne bacterial pathogens. Adaptation to
a sublethal stress may confer resistance to a lethal homologous stress and/or cross
resistance against any other stress encountered by L. monocytogenes. Various mechanisms
are responsible for stress adaptation in L. monocytogenes. Genetic mechanisms include
induction of “stimulon” which are operons that are induced due to environmental stress
and lead to the production of stress proteins that help protect the cell from a lethal stress
(Lou and Yousef, 1996). Bacterial resistance to disinfectants such as QAC can be due to
presence of efflux pumps like qacB, and smr, qacG and qacH in Gram positive bacteria.
The efflux pumps actively regulate QACs due to a transmembrane electrochemical proton
gradient which leads to QAC resistance in bacterial cells. These efflux systems can be
multidrug systems as they can confer broad resistance to a range of various antimicrobials
(Sundheim et al., 1998). QAC resistance can also be plasmid borne and integron mediated.
QAC resistance genes can thus be spread by horizontal gene transfer by mobile genetic
elements at a high frequency (Chapman, 2003). For example, qacA/B genes are present on
plasmids bearing lactamases and heavy metal resistance determinants in clinical isolates.
Clinical staphylococci exhibit the presence of qacA, qacB and gad genes that are
responsible for QAC resistance. These genes were also found to be present in the
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staphylococcal strains in the food industry (Sundheim et al., 1998). Exposure to alkali
stress caused changes in cell morphology like cell elongation and filamentation in L.
monocytogenes cells, which may contribute to increased survival of the bacterium in higher
lethal stresses (Giotis et al., 2007a).
It is important to know the role of residues of sublethal concentrations of various
disinfectants and sanitizers in the food processing environment if they will contribute to
stress adaptability and persistence of L. monocytogenes. Also, further studies are needed to
understand the effects of changes in cell morphology that contribute to stress adaptability
in L. monocytogenes and Salmonella. Natural non-synthetic alternatives such as essential
oils if present at sublethal concentrations in food products needs be evaluated for their role
in inducing cross-protection against L. monocytogenes and other foodborne bacterial
pathogens.
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CHAPTER II
DIFFERENCES IN SURVIVAL OF HEAT STRESS ADAPTED CELLS OF LISTERIA
MONOCYTOGENES EGD (BUG600) IN DISINFECTANTS AND ESSENTIAL OILS

2. 1. Introduction
Listeria monocytogenes is a Gram-positive, facultative anaerobic foodborne
pathogen associated with a variety of food products such as meat, poultry, fresh produce
and dairy products (Gandhi and Chikindas, 2007, Farber and Brown, 1990). L.
monocytogenes was also isolated from various environment settings such as soil, ground
water and decaying vegetation (Gray et al., 2006). Ingestion of L. monocytogenes via
contaminated foods leads to listeriosis, a severe disease that primarily affects
immunocompromised individuals, pregnant women, senior individuals and newborns. The
fatality rate of listeriosis ranges from 20 to 30 % (Hamon et al., 2006b). L. monocytogenes
has a potential to persist for extended periods of time under mild processing environments
such as heat, acid and alkaline conditions (Vasseur et al., 1999b). Exposure to these mild
sublethal conditions subsequently induces stress tolerance response in which these initial
mild stress shocks provide an edge to L. monocytogenes cells for subsequent survival under
lethal stress conditions (Ramaswamy et al., 2007b, Yousef and Courtney, 2003). Exposure
to particular mild stress can also lead to enhanced protection against other lethal stress
which was defined as cross protection (Soni et al., 2011).
Heating is the most reliable end point preservation technique used in food industries
for inactivation of microbes. L. monocytogenes heat stress adaptation is defined as pre27

exposing cells at a sublethal heat stress which confers increased heat tolerance at lethal
heating temperature (Farber and Brown, 1990). This increased thermal tolerance is partially
due to the activation of conserved heat shock proteins (Hsps) (e.g., DnaK and GroEL)
under sublethal heat temperatures (Ferreira et al., 2001a, Hill et al., 2002b, Doyle et al.,
2001).
Chemical disinfectants such as chlorine, quaternary ammonium compounds
(QACs) and alkali containing compounds are frequently applied in cleaning and sanitation
to inactivate undesirable microorganisms. In the food processing environment,
contaminated L. monocytogenes may encounter sublethal heat stress that activates its
intracellular stress responses and become persistent in the subsequent lethal inactivation
by these disinfectants (Taormina and Beuchat, 2001a). Studies show that L. monocytogenes
cells heat shocked at 45°C for 1 h had increased tolerance to 25% NaCl, 18% ethanol and
0.01% crystal violet (Lin and Chou, 2004a). Lin et al. (2012) observed that L.
monocytogenes cells heat stressed at 48°C for 10 min were more tolerant to 0.128 ppm of
chlorine dioxide and 1.384 ppm of QACs compared to non-adapted control cells (Lin et
al., 2012b). The viability of heat stressed cells of L. monocytogenes in other disinfectant is
not known.
Plant essential oils (EOs) are gaining interest for their potential use as
antimicrobials in the food industries as they are recognized as generally recognized as safe
(GRAS). Many studies show that EOs can efficiently kill pathogenic Escherichia coli,
Salmonella Spp. and L. monocytogenes in standard microbiology growth media or in
various food substrates (Burt, 2004, Skandamis and Nychas, 2001, Smith-Palmer et al.,
2001). It is likely that if the initial treatments which fail to kill the L. monocytogenes cells
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can provide them with cross protection against EOs. One study demonstrated that L.
monocytogenes heat shocked at 45°C for 1 h showed increased resistance to 200 ppm
carvacrol (Ait‐Ouazzou et al., 2013a). There is no information on the sensitivity of heat
stressed L. monocytogenes cells to other EOs. Therefore, the objective of this study was to
determine the effect of heat stress adaptation on the survival of L. monocytogenes Bug600
in various disinfectants and essential oils.

2. 2. Materials and methods
2. 2. 1. Bacterial strains and growth conditions
L. monocytogenes EGD (Bug600, serotype 1/2a (Institut Pasteur, Paris, France) was
used in this study. The strain was stored in -80°C in tryptic soy broth containing 0.6% yeast
extract (TSBYE, pH 7.2; BD Bio sciences, San Jose, CA) supplemented with 16% glycerol.
Working stock culture of this strain was maintained at 4°C in TSBYE. Ten ml of TSBYE
was inoculated with a single colony of L. monocytogenes from the working stock culture,
and incubated overnight in a shaker (C24 Classic series incubator shaker, New Brunswick
Scientific, Inc., Edison, NJ, USA) at 37°C to reach stationary phase.
2. 2. 2. Induction of heat stress adaptation
The sublethal heat stress adaptation was performed by adding 1 ml of stationaryphase culture to 9 ml of TSBYE and heating at 48°C for 1 h. A reciprocal water bath shaker
(model R76, New Brunswick Scientific, Inc., Edison, NJ, USA) was used for heating.
Inoculum was directly added into the pre-heated broth and mixed so that the inoculum did
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not adhere to non-heated part of inner tube wall and cap. The non-adapted control cells
were kept at room temperature for 1 h without exposure to sublethal stress.
2. 2. 3. Preparation of disinfectant solutions
Disinfectants used in this study was shown in Table 2.1. The working stock
concentrations for H3PO4 (5,625 ppm), QAC-1 (187 ppm), QAC-2 (525 ppm) and CPC
(400 ppm) were prepared by diluting the original stock solution by 1:100 in deionized
water. The working stock concentration of H2O2 (15,000 ppm) was prepared by diluting
428 µl of the original stock solution in 10 ml deionized water. Carvacrol (>98%), bay oil
(100%), red thyme oil (100%) and cinnamon leaf oil (>99%) were purchased from Sigma
Aldrich (St. Louis, Mo., U.S.A.). These essential oils were solubilized by diluting (1:1) in
propylene glycol (PG) (MP Biochemicals LLC, Solon, Ohio) and required concentrations
were then prepared in TSBYE as described in Table 2.2. PG is a food additive approved
by FDA with both solvent and emulsifying properties and L. monocytogenes is able to grow
in concentrations up to 12.5% PG.
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Table 2.1

Preparation of disinfectants.
Concentration
Lethal

Disinfectant

Active

of active
Manufacturers

group

ingredient

concentration
ingredient
tested
(ppm)

Acid

Alkaline

Oxidative

HCl

Fisher Scientific

330,000

pH 2.5

H3PO4

Sigma Aldrich

224,000

pH 12.0

NaOH

Fisher Scientific

160,000

pH 12.0

KOH

Diversey

5,625

pH 2.5

NaOCl

The Clorox company

60,000

800 ppm

H2O2

Acros Organics

350,000

1200 ppm

QAC-11

Lysol

18,700

3.5 ppm

QAC-12

Diversey

52,500

3.5 ppm

4,000

2.5 ppm

Quaternary
ammonium
compounds

3

Safe foods

CPC

corporation
1

QAC-1 (Lysol) contains dimethylbenzyl ammonium chloride (C14 60%, C16 30%, C12

5%, C18 5%)
2

QAC-2 (D-trol) contains dimethylbenzyl ammonium chloride (C14 60%, C16 30%, C12

5%, C18 5%) and dimethylbenzyl ammonium chloride (C12 68%, C14 32%)
3

Cetylpyridinium chloride (Cecure) contains 1-Hexadecylpyridinium chloride
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Table 2.2

Preparation of essential oils.
Working
Lethal conc.

Essential oils

Active Ingredients

Manufacturers

stock conc.
tested (ppm)
(ppm)

Carvacrol

5-isopropyl-2-methylphenol

Sigma Aldrich

61,250

428

Sigma Aldrich

62,500

1100

a-pinene, b-pinene,
myrcene, limonene, linalool,
Bay oil

methyl chavicol, neral, aterpineol, geranyl acetate,
eugenol and chavicol

a

Red thyme oil

a

N/A

Sigma Aldrich

62,500

300

Cinnamon leaf oil

a

N/A

Sigma Aldrich

61,875

1050

N/A represents that the composition of the essential oil is unknown.
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2. 2. 4. Exposure of heat adapted and non-adapted L. monocytogenes cells to
disinfectants and essential oils
To determine the survival of heat stress adapted and non-adapted (control) L.
monocytogenes Bug600 cells in lethal disinfectants and essential oils, 1 ml of heat stressed
or control cells were added to 9 ml of TSBYE containing disinfectants at 22°C to yield an
initial cell concentration of 7 log CFU/ml. Except for the QACs and NaOH, incubation
time for all the disinfectants and essential oils was 60 min and survivors were enumerated
every 15 min by plating on Tryptic soy agar containing yeast extract, esculin and ferric
ammonium citrate (TSAYE-EF). Cells were exposed to QACs for 30 min and to NaOH for
120 min and survivors were enumerated every 10 min or 30 min on TSAYE-EF.
2. 2. 5. Statistical analysis
All experiments were performed in three replicates with three individual trials.
Student t-test (P < 0.05) was performed using Microsoft excel to determine significant
mean difference between survival of heat stress adapted and non-adapted control cells in
lethal disinfectants or essential oils.

2. 3. Results
2. 3. 1. Survival of heat stress adapted L. monocytogenes cells in acid based
disinfectants
The survival of heat stress adapted cells of L. monocytogenes Bug600 in lethal HCl
and H3PO4 are shown in Figures 2.1-2.2.
The heat stress adapted L. monocytogenes Bug600 cells were sensitive to lethal pH 2.5
hydrochloric acid (HCl) as compared to non-adapted control cells (Figure 2.1). The
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survival of heat stress adapted cells was significantly decreased (P < 0.05) by 2 log CFU/ml
in pH 2.5 by HCl after 60 min as compared to the non-adapted control cells.
Similarly, after treating with lethal pH 2.5 of phosphoric acid (H3PO4), the heat stress
adapted cells were found to be non-detectable after 60 min while non-adapted control cells
had 4.7 log CFU/ml higher (P < 0.05) survival as compared to the heat stress adapted cells
(Figure 2.2).

2. 3. 2. Survival of heat stress adapted L. monocytogenes cells in alkaline based
disinfectants
The survival of heat stress adapted cells of L. monocytogenes Bug600 in lethal
NaOH and KOH are shown in Figures 2.3 and 2.4.
The heat stress adapted L. monocytogenes Bug600 cells had significantly higher
survival in lethal sodium hydroxide (NaOH) compared to the non-adapted control cells.
The survival of heat stress adapted cells was significantly increased (P < 0.05) by
4.3 CFU/ml in lethal pH 12 NaOH after 120 min as compared to the non-adapted control
cells which were non-detectable (Figure 2.3).
Similarly, after treating with lethal pH 12.0 KOH, the survival of heat stress adapted
cells was significantly increased (P < 0.05) by 2.2 log CFU/ml after 120 min as compared
to the non-adapted control cells which were non-detectable (Figure 2.4).

2. 3. 3. Survival of heat stress adapted L. monocytogenes cells in QACs
The survival of heat stress adapted cells of L. monocytogenes Bug600 in lethal
quaternary ammonium compounds - Lysol, D-trol and CPC are shown in Figure 2.5-2.6.
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The heat stress adapted L. monocytogenes Bug600 cells were sensitive to lethal
QACs as compared to the non-adapted control cells.
The survival of heat stress adapted cells were significantly decreased (P < 0.05) by
approximately 3.0 log CFU/ml in 3.5 ppm Lysol or D-trol after 30 min as compared to the
non-adapted control cells (Figure 2.5 A-B).
Similarly, after treating with lethal 2.5 ppm cetylpyridinium chloride (CPC), the
non-adapted control cells survived significantly higher (P < 0.05) by 4.4 log CFU/ml after
60 min as compared to the heat stress adapted cells which were non-detectable (Figure
2.6).

2. 3. 4. Survival of heat stress adapted L. monocytogenes cells in oxidative based
compounds
The survival of heat stress adapted cells of L. monocytogenes Bug600 in lethal
NaOCl and H2O2 are shown in Figures 2.7-2.8.
The heat stress adapted L. monocytogenes Bug600 cells were sensitive to lethal
oxidative stresses- NaOCl and H2O2 compared to non-adapted control cells.
The survival of heat stress adapted cells was significantly decreased (P < 0.05) by 3.0
log CFU/ml in lethal 800 ppm sodium hypochlorite (NaOCl) after 60 min as compared to
the non-adapted control cells (Figure 2.7).
Similarly, after treating with lethal 1200 ppm hydrogen peroxide (H2O2), the
survival of heat stress adapted cells was significantly decreased (P < 0.05) by 2.0 log
CFU/ml as compared to the non-adapted control cells (Figure 2.8).
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2. 3. 5. Survival of heat stress adapted L. monocytogenes cells in essential oils
The survival of heat stress adapted cells of L. monocytogenes Bug600 cells in lethal
essential oils are shown in Figures 2.9-2.12.
The survival of heat stress adapted L. monocytogenes Bug600 cells was
significantly increased in lethal carvacrol and bay essential oils as compared to the nonadapted control cells (Figure 2.9-2.10).
The survival of heat stress adapted cells was significantly increased (P < 0.05) by
2.5 log CFU/ml in lethal 428 ppm carvacrol as compared to the non-adapted control cells
(Figure 2.9).
Similarly, the survival of heat stress adapted cells was significantly increased (P <
0.05) by 3.5 log CFU/ml in lethal 1100 ppm bay oil as compared to the non-adapted control
cells (Figure 2.10).
By contrast, the heat stress adapted L. monocytogenes cells were sensitive to red
thyme oil (300 ppm), where the survival of heat stress adapted cells was significantly
decreased (P < 0.05) by 1.4 log CFU/ml as compared to the non-adapted control cells
(Figure 2.11).
On the other hand, there was no significant difference in survival of L.
monocytogenes heat stress adapted and non-adapted control cells in lethal 1050 ppm
cinnamon oil (Figure 2.12).

2. 4. Discussion
Despite the routine use of antimicrobials and disinfectants, L. monocytogenes may
still persist in some food processing environments due to its tolerance to various
36

antimicrobial compounds (Davidson and Harrison, 2002). Heating is a reliable end point
preservation technique followed in food industries for inactivation of foodborne pathogens.
However, heat stress adaptation due to insufficient heat inactivation may allow L.
monocytogenes cells to survive during the second round of heat inactivation or in mild heat
treatments (e.g., microwave) prior to consumption (Doyle et al., 2001).
Our findings show that the heat stress adapted L. monocytogenes Bug600 cells were
more sensitive to lethal acid stress by HCl and H3PO4 compared to control cells. Similar
phenomenon has been reported by Lou and Yousef (Lou and Yousef, 1997b) and Lee et
al.(Lee et al., 1995) in L. monocytogenes and S. Typhimurium where heat adapted cells
were more sensitive to lethal acidic pH than non-adapted control cells. Although no
molecular mechanisms have been elucidated on how heat adaptation in L. monocytogenes
resulted in increased sensitivity to lethal acid challenge, our previous work found that L.
monocytogenes cells appeared to be injured after incubation at 48°C for 1 h as those heat
adapted cells grew much slower compared to non-adapted control cells at 37°C (Shen et
al., 2014a). Therefore, the reduced survival of heat adapted cells may result from the injury
triggered by sublethal heat treatment. We also found that the heat stress adapted L.
monocytogenes cells exhibited cross protection to lethal alkaline stress by NaOH and KOH.
Similar observations were also reported by others which demonstrated that heat stress
adaptation in L. monocytogenes induces cross-resistance to alkali based cleaners (Novak
and Yuan, 2003, Taormina and Beuchat, 2001a). Therefore, our data suggest that KOH and
NaOH might not be suitable to be used to inactivate heat adapted L. monocytogenes cells.
H2O2 generates oxygen-free radicals that damages the cell membrane and disrupts
the electron transport system. We observed stationary phase grown heat adapted L.
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monocytogenes cells were more sensitive to a lethal concentration of H2O2 compared to
non-adapted cells which was similar to that observed by Lin and Chou (Lin and Chou,
2004b) . In contrast, Lou and Yousef observed increased survival in 1000 ppm H2O2 in
exponential-phase L. monocytogenes Scott A cells after pre-exposure to 45°C for 1 h (Lou
and Yousef, 1997b). These observations may be due to the differences in bacterial strains
(Bug600 versus ScottA), the physiological state of L. monocytogenes (stationary phase
versus exponential phase) or the differences in heat adaptation conditions (45°C versus
48°C). NaOCl is one of the most highly used disinfectants in food industry in which HOCl
and HCl- ions are the main active components responsible for creating oxidative stress
(FUKUZAKI, 2006). Since our data showed that heat adaptation in L. monocytogenes
resulted in increased susceptibility to H2O2, it is not surprising to see the increased
susceptibility to another oxidizing agent NaOCl.
We observed that the heat stress adapted L. monocytogenes cells had greater
sensitivity to quaternary ammonium compound-Lysol. Similar to these findings, Moorman
et al. (Moorman et al., 2005b) observed that heat adaptation in L. innocua resulted in
increased sensitivity to a mixture of QACs. However, Lin et al. (2012) reported that L.
monocytogenes heat adapted cells survived greater than non-adapted control cells in QAC
(Lin et al., 2012b). It is important to notice that Lin and co-workers prepared the heat
adapted cells in PBS where the cells may be exposed to starvation instead of bacterial
growth medium. Therefore, the observed increased resistance to QAC might result from
starvation rather than heat adaptation. QACs exhibits the killing efficacy by interacting
with bacterial cell membrane (Ioannou et al., 2007). Our previous study showed that L.
monocytogenes cell envelope were thickened after being treated at 48°C for 60 min
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suggesting that modified cell membrane resulted from sublethal heat treatment could
protect L. monocytogenes against QACs (Saha et al., 2015). However, Moorman et al.
(Moorman et al., 2005b) found that no membrane fluidity was changed after heat
adaptation at 45°C in L. innocua. Therefore, the change of cell membrane proteins might
contribute to the decrease survival to QACs. This hypothesis needs further investigation
by comparing the proteome of cell membrane before and after heat stress adaptation.
Our findings show that the sublethal heat treatment at 48°C for 1 h enhanced the
survival of L. monocytogenes cells in lethal concentrations of carvacrol and bay oil.
Similarly, Ait-Ouazzou et al. (Ait‐Ouazzou et al., 2013a) reported that mild heat treatment
at 45°C for 1 h protected L. monocytogenes cells against carvacrol inactivation. Several
studies proposed that carvacrol exhibits bactericidal effect by damaging the cell membrane
(Helander et al., 1998). Hence, the heat stress adapted L. monocytogenes may change the
cell membrane composition during heat treatment which may minimize the interaction
between carvacrol and cell membrane. In order to fully understand the heat stress conferred
cross protection against carvacrol in L. monocytogenes, it is necessary to perform a
comparative lipid composition analysis of the cell membrane before and after heat
treatment at 48°C for 1 h. In addition, we noticed that heat stress adapted cells were still
sensitive to red thyme and cinnamon. These distinct responses of heat adapted L.
monocytogenes to different essential oils may be due to the different composition of these
agents (Burt, 2004). Our data suggest that compared to carvacrol and bay oil, thyme and
cinnamon may be better antimicrobial agents during food processing where heat adapted
L. monocytogenes are present.
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2. 5. Conclusions
In conclusion, our findings demonstrate that the heat stress adaptation in L.
monocytogenes did not result in increased resistance to lethal acid, oxidative agents, QAC,
red thyme and cinnamon. However, NaOH, KOH, carvacrol and bay oil exhibited reduced
killing efficacy when L. monocytogenes cells acquired heat stress adaptation. Therefore,
the use of NaOH or KOH based alkaline disinfectants, and essential oils containing
carvacrol and bay oil should be carefully considered when heat adapted L. monocytogenes
cells may be present.
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Figure 2.1

Survival of L. monocytogenes Bug600 in lethal pH 2.5 by HCl at 22ºC after
1 h pre-exposure to sublethal heat stress at 48°C (■) or no sublethal heat
stress (□). Symbols marked with an asterisk indicate significant survival
differences between heat adapted (■) and non-adapted (□) cells.
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Figure 2.2

Survival of L. monocytogenes Bug600 in lethal pH 2.5 by H3PO4 at 22ºC
after 1 h pre-exposure to sublethal heat stress at 48°C (■) or no sublethal heat
stress (□). Symbols marked with an asterisk indicate significant survival
differences between heat adapted (■) and non-adapted (□) cells.
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Figure 2.3

Survival of L. monocytogenes Bug600 in lethal pH 12.0 by NaOH at 22ºC
after 1 h pre-exposure to 48°C (■) or no sublethal heat stress (□). Symbols
marked with an asterisk indicate significant survival differences between
heat adapted (■) and non-adapted (□) cells.
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Figure 2.4

Survival of L. monocytogenes Bug600 in lethal pH 12.0 by KOH (B) at 22ºC
after 1 h pre-exposure to sublethal heat stress at 48°C (■) or no sublethal heat
stress (□). Symbols marked with an asterisk indicate significant survival
differences between heat adapted (■) and non-adapted (□) cells.
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Figure 2.5

Survival of L. monocytogenes Bug600 in lethal 3.5 ppm by Lysol (QAC-1)
(A) or by D-trol (QAC-2) (B) at 22ºC after 1 h pre-exposure to sublethal heat
stress 48°C (■) or no sublethal heat stress (□). Symbols marked with an
asterisk indicate significant survival differences between heat adapted (■)
and non-adapted (□) cells.
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Figure 2.6

Survival of L. monocytogenes Bug600 in lethal 2.5 ppm by CPC at 22ºC after
1 h pre-exposure to sublethal heat stress at 48°C (■) or no sublethal heat
stress (□). Symbols marked with an asterisk indicate significant survival
differences between heat adapted (■) and non-adapted (□) cells.
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Figure 2.7

Survival of L. monocytogenes Bug600 in lethal 800 ppm NaOCl at 22ºC after
1 h pre-exposure to sublethal heat stress at 48°C (■) or no sublethal heat
stress (□). Symbols marked with an asterisk indicate significant survival
differences between heat adapted (■) and non-adapted (□) cells.
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Figure 2.8

Survival of L. monocytogenes Bug600 in lethal 1200 ppm H2O2 at 22ºC after
1 h pre-exposure to sublethal heat stress at 48°C (■) or no sublethal heat
stress (□). Symbols marked with an asterisk indicate significant survival
differences between heat adapted (■) and non-adapted (□) cells.
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Figure 2.9

Survival of L. monocytogenes Bug600 in lethal 428 ppm carvacrol at 22ºC
after 1 h pre-exposure to sublethal heat stress at 48°C (■) or no sublethal heat
stress (□). Symbols marked with an asterisk indicate significant survival
differences between heat adapted (■) and non-adapted (□) cells.
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Figure 2.10

Survival of L. monocytogenes Bug600 in lethal 1100 ppm bay oil at 22ºC
after 1 h pre-exposure to sublethal heat stress at 48°C (■) or no sublethal heat
stress (□). Symbols marked with an asterisk indicate significant survival
differences between heat adapted (■) and non-adapted (□) cells.
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Figure 2.11

Survival of L. monocytogenes Bug600 in lethal 300 ppm red thyme at 22ºC
after 1 h pre-exposure to sublethal heat stress at 48°C (■) or no sublethal heat
stress (□). Symbols marked with an asterisk indicate significant survival
differences between heat adapted (■) and non-adapted (□) cells.
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Figure 2.12

Survival of L. monocytogenes Bug600 in lethal 1050 ppm cinnamon at 22ºC
after 1 h pre-exposure to sublethal heat stress at 48°C (■) or no sublethal heat
stress (□). Symbols marked with an asterisk indicate significant survival
differences between heat adapted (■) and non-adapted (□) cells.
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